Ethanol-water concentration profiles in cellulose acetate membranes were measured under steady-state pervaporation conditions. Knowledge of these profiles leads to a better understanding of the diffusion process during pervaporation. The concentration profiles were determined by a film-stack method, using three to six layers. It is shown that permeation of ethanol-water mixtures proceeds in a coupled way and that crossterm diffusion coefficients need to be considered. Furthermore, the occurrence of sorption resistances at the feed/membrane interface can be established from these experiments.
Introduction
Separation of mixtures by pervaporation takes place by a solution-diffusion mechanism. In most cases coupled transport occurs, which means that the flux of a component in a mixture may be changed not only by the presence of other components but also by its own movement [l, 21. Because of the occurrence of coupling, it is generally not possible to predict membrane selectivities from parameters obtained from single component permeation experiments. Tack [3] demonstrated this for the separation of waterdioxane mixtures through a Nylon-6 membrane.
Many investigators have made use of concentration dependent diffusion coefficients, but generally coupling in the solubility part was not considered. In most cases, ideal sorption was assumed [ 5-71, which means that a linear relationship should exist between the concentration of a component of a binary mixture inside the membrane and the concentration of that component in the liquid feed mixture. Recently, we showed that the assumption of ideal sorption cannot be used for ethanol-water mixtures, or in general, for non-ideal mixtures [8] . Therefore, coupling in the solubility part should also be taken into account.
Recently we proposed a solution-diffusion model, which takes into account coupling both in the solubility part and in the kinetic part [4] , The coupling was expressed in the equations for the flux, Ji, of component i through Ji = f{Si(Ci,Cj), Di (ci,ci) }where Si is the solubility and Di the diffusivity of component i.
The object of this paper is to present experimental concentration profiles for the system water (l)-ethanol (2)-cellulose acetate (3). Knowledge of these profiles permits the investigator to extract more appropriate data about diffusion in the pervaporation process. The concentration profiles were determined by a so-called film-stack method, which has been used by a number of other investigators [3, g-111. In the previously described model [4] , secondorder coupling effects were considered, but cross-terms in the flux equations were neglected. The results presented here permit us to verify this assumption.
Theory

Single-component permeation
If we assume that linear relations exist between fluxes and forces, where forces are written in terms of chemical potential gradients, then we can write for a diffusing component, i, through a membrane
(1) For single-component permeation the generalized Fick's law can be derived from eqn. (1). Writing activities instead of chemical potentials eqn. (1) becomes
The activity, ai, of a component in a polymer (or polymeric membrane) can be described by . For the binary case, the activity of a component (index i) in the polymer (index j) is given by
where vi is the volume fraction of penetrant, uj the volume fraction of polymer and xij the Flory-Huggins interaction parameter (for this case, xij is assumed to be concentration independent). If we define a diffusion coefficient, Di, as a 1nUi
Di(Ci) = LiRTacj which for an ideal system (Vi = I" and xii = 0) reduces to
Combination of eqns. (2) and (4) gives
Here Di is the diffusion coefficient of component i in the polymer-fixed frame of reference. Diffusion coefficients of permeating components in polymers in general depend strongly on the state of swelling of the polymer, because of the plasticizing action of the liquid on the segmental motions. In the case of pervaporation, anisotropic swelling occurs in the direction from the upstream to the downstream side. At the upstream side the concentration is maximal while it is almost zero at the downstream side. Therefore, diffusion coefficients will vary considerably across the membrane. Several expressions can be used to quantify the relationship between diffusion coefficient and concentration. Most authors have suggested an exponential relationship [ 3, 9, 10, .
where Do is the diffusion coefficient at zero concentration of penetrant and y is a constant showing the plasticizing effect of the penetrant on the mobility of the penetrant in the membrane.
When combining eqns. (6) and (7) and integrating across the membrane using the following boundary conditions: ci = coi at x = 0 and ci = 0 at x = 1, eqn. (8) and integration of eqn. (9) gives
Note that the concentration profile (eqn. 10) does no longer contain diffusivity terms. When experimental concentration profiles are determined, yi and coi can then be obtained from eqn. (10) 
Permeation of liquid mixtures
In the case of liquid mixtures, coupling phenomena should be taken into account. Recently, the following equation was used to describe the transport of binary liquid mixtures through polymeric membranes [4] ; it can be ob-tained by combining eqns. (1) and (5):
In eqn. (11) second-order effects are taken into account since the chemical potential of component i, pi, depends on the concentration of component j and on the different interaction parameters used in the Flory-Huggins expression for a ternary system. Furthermore, the diffusion coefficient, Di, is assumed to be dependent on the concentration of both component i andj. In this approach, cross-term diffusion coefficients are assumed to be zero (or Dif/Dij, i+j S 1) and in a following section we will discuss if one is allowed to make this assumption.
If the concentration is expressed as a volume fraction, 4, and if activities are used instead of chemical potentials, eqn. (11) becomes (13) Equations (12) and (13) (D,(@,,@,) and D,(@,,$,)) can be obtained from eqns. (12) and (13).
Experimental
Materials
Cellulose acetate (E 398-3) was obtained from Eastman Chemicals. The solvents used were of analytical grade.
Membrane preparation
Polymer solutions were prepared by dissolving the polymer in a suitable solvent (acetone or dioxane). The membranes were prepared by casting the polymer solution onto a glass plate and allowing the solvent to evaporate in a nitrogen atmosphere. The membranes obtained were completely transparant.
Pervaporation
The pervaporation experiments were carried out in the apparatus shown in Fig. 1 . A cross-section of the permeation cell is given in Fig. 2 . This cell, which is a modification of the one described previously [20] , has been developed in order to remove the membranes as quickly as possible. Vacuum at the downstream side was maintained at a pressure of 13.3 Pa (0.1 mmHg) by a Crompton Parkinson vacuum pump. The pressure was measured by an Edwards piranhi gauge. The concentration profiles were determined when steady-state conditions were reached. Product samples were taken at least every hour.
Product analysis
Analysis of binary ethanol-water mixtures was performed on a Varian model 3700 gas chromatograph fitted with a chromosorb 60/80 column and equipped with a thermal conductivity detector. For low ethanol concentrations (O-5%), a flame ionization detector was used.
Determination of the concentration profiles
The multilayer membrane was prepared as follows: 3 to 6 individual layers, each of them with a thickness of at least 100 pm, were swollen in the liquid feed mixture. After equilibration, the layers were stacked one by one and the multilayer membrane was installed in the permeation cell. Preparing the multilayer membranes in this way resulted in negligible resistance at the interfaces of the different layers. This was checked by comparing permeabilities obtained from a multilayer membrane with those of a unilayer membrane of the same thickness. In both cases, the same permeation rates were obtained.
When steady-state conditions were reached, the permeation cell was removed from the jar, the surface was wiped quickly with tissue paper and the multilayer membrane was cut from the cell with a sharp knife. The individual layers were peeled off and immediately put in weighing tubes. The liquid present in each layer was removed from the membrane using a previously described distillation technique [S] .
The amount of liquid was determined by weighing and the composition was determined by gas chromatography. The largest error was made in determining the concentration in the first layer because the time between removing the permeation cell from the liquid feed and putting the first layer in a weighing tube was about 1 minute. During this time desorption from the membrane occurs and the measured concentration is likely to differ from the actual concentration. In order to correct for this error, control experiments were carried out in which the weight decrease was measured as a function of time. The measured concentrations were corrected for the weight loss due to desorption. The second and subsequent layers were put in a weighing tube 5 to 10 seconds after each other and it was not necessary to correct the obtained results. The error in the mass balance was less than 5%.
Results and discussion Table 1 summarizes the results of the permeation experiments for the system water-cellulose acetate. The experimental concentration profile for this system is given in Fig. 3 . The obtained profile is in agreement with the observations of Kim [lo] on the same system. Another interesting feature from Fig. 3 is that the equilibrium sorption value (arrow in Fig. 3 ) and the concentration just inside the membrane during steady-state pervaporation are quite close. This indicates that the sorption resistance at the liquid/ polymer interface is negligible, and hence diffusion through the membrane is rate-determining. Table 2 and Fig. 4 give the results obtained for the binary system ethanol-cellulose acetate. When comparing the results of the systems water-cellulose acetate and ethanol-cellulose acetate, one observes a number of differences:
(1) (2)
The permeation rate of water through cellulose acetate is much larger. The concentration profile of ethanol in cellulose acetate is much more concave, especially on the downstream half of the membrane. The difference between the equilibrium sorption value and the concentration just inside the membrane at the liquid/polymer interface is considerable for the system ethanol-cellulose acetate. The Do value for ethanol is 50 times smaller than that for water. For other systems also, (polyethylene-benzene and polyethylene-dioxane) considerable differences have been found between equilibrium sorption values and concentrations just inside the membrane [lo] .
The results for the ternary system water-ethanol-cellulose acetate are given in Table 3 and Figs. 5a-c. Again the difference between equilibrium sorption value and concentration just inside the membrane is considerable. When the individual profiles are considered, one can observe that both ethanol and water show a concentration drop at the liquid/membrane boundary. This observation is important because it clearly demonstrates the occurrence of a coupled sorption process. Furthermore, the ethanol and water profiles are rather similar with respect to the profiles of the pure components. Because the concentration profiles are known, the values for the diffusion coefficients of water and ethanol in cellulose acetate for the ternary system can be calculated from eqns. (12) and (13).
However, negative values are obtained for the diffusion coefficient of ethanol. This means that the simple approach of neglecting cross-term diffusion coefficients is not correct. The reason for these negative II? values can be explained by recalling eqns. (12) (Fig. 5c ) and since Id@,/dxl > Id$,/dxl while la ln uz/a#zl = Ia In uz/a$Il, the term between square brackets in eqn. (13) will have a positive value, resulting in a negative value for the Cussler [ 171 gave some empirical rules for deciding when multicomponent diffusion effects will be large. Two of these rules apply to the system waterethanol-cellulose acetate: (i) the components show strong thermodynamic interactions, and (ii) the concentration gradient of water in cellulose acetate is much different from that of ethanol in cellulose acetate. The equations used so far (eqns. 12 and 13) hold for the case where main-term diffusion coefficients are much larger than the cross-term diffusion coefficients (Dii S Dij, i+j). In a forthcoming article [ 181 we will report on experimental concentration profiles of o-xylene and p-xylene in cellulose propionate and discuss the results of this weakly interacting system using main-term diffusion coefficients only.
Taking cross-terms into account, eqn. (1) 
The first term on the right-hand side of eqn. (15) describes the flux of component 1 due to its own gradient and the second term of this equation describes the flux of component 1 due to the gradient of component 2. This second term represents the coupling effect. In the system water-ethanolcellulose acetate, the cross-term diffusion coefficient (Dij, i+j) is likely to be a significant fraction of the main-term diffusion coefficient, especially in the case of component 2 (ethanol) where it dominates the effect of the main coefficient. This implies that the flux of ethanol due to the gradient of water should have a larger value than the flux of ethanol caused by its own gradient. In general, the cross-term diffusion coefficients are not symmetric, i.e.,
f 021.
By expressing the concentration as a volume fraction and using activities instead of chemical potentials, eqns. (15) and (16) become (17) Cussler [17] summarized different theories to quantify the cross-term diffusion coefficients. A general approach is to assume that the main-term diffusion coefficients (Dii, i= 1,~) are closely related to the binary diffusion coefficients. These binary diffusion coefficients can be obtained from single-component permeation experiments, as given in Tables 1 and 2 . The cross-diffusion coefficient can now be calculated from eqns. (17) and (18).
The ratios lD12/D111 and lD.21/D221, or better 1(~12/~~1) (VP~/VPI)I and I(D,,/D,,) (V~I/V~2)1 respectively, are a measure of the ternary effects and each of them is given in Figs. 6 and 7 as a function of the relative distance through the membrane, xR. Comparing Figs. 6 and 7, one can see that the value of lDzl/Dzzl decreases when 3ta increases, while the term I(DzI/Dzz) (V~l/V~z)j increases in value. In fact, I(DzI/Dzz) (Vpl/Vpz)l is a better measure for multi-component diffusion effects than ID,,/D,,I since the effects of the gradients are also involved. From Fig. 7 one can see that I(D,,/D,,) (VP,/ Vp2)I > 1, implying that the flux of component 2 (ethanol) due to the gradient of component 1 (water) has a larger value than the flux of component 2 caused by its own gradient. This is in agreement with the negative values for the diffusion coefficient, Dz, obtained from eqn. (13), implying that the assumption of using binary diffusion coefficients is not so bad after all. The flux of water is hardly affected by the gradient of ethanol, at least at small penetration distances (x, < 0.5). At high penetration distance, coupling effects become more and more important.
The results presented here demonstrate beyond any doubt the occurrence of coupling phenomena. Because it has been assumed that the main-term diffusion coefficient is simply equal to the binary diffusion coefficient, it is hardly possible to draw quantitative conclusions about the magnitude of the coupling effect.
In terfacial resistance
Interfacial resistances exist when there is no thermodynamic equilibrium at the feed/membrane and membrane/permeate interfaces. This means that the chemical potential of a component i in the feed is not equal to the chemical potential of component i just inside the membrane. Hwang [ 191 showed that the interfacial resistance contributes to a large extent to the total resistance during the permeation of dissolved oxygen in water through a silicone rubber membrane.
By investigating the concentration profiles of the system water-ethanolcellulose acetate (pure components and mixture) the occurrence of boundary resistances could be demonstrated (see Figs. 4 and 5) . Because of the nonideality of the various systems, activity profiles are preferred over concentration profiles. In Figs. 8 and 9 , the activity profiles for the systems water cellulose acetate and ethanol-cellulose acetate are given. These activity profiles have been calculated from the experimental concentration profiles using Flory-Huggins thermodynamics. The xii parameters (eqn. 3), which for these systems are assumed to be constant, were taken from Ref.
[4] (see Table 4 ). In the case of water, no resistance at the feed/membrane interface can be observed (Fig. 8) while in the case of ethanol there is an appreciable resistance. Comparing Fig. 4 with Fig. 9 , one can see that the activity drop is much smaller than the concentration drop. Recently [4] it was assumed that equality of chemical potential existed at the feed/membrane interface (and at the membrane/permeate interface). The results presented here clearly demonstrate that this assumption does not necessarily hold.
Conclusions
The transport of ethanol-water mixtures through cellulose acetate membranes cannot be described with a simple phenomenological model where cross-term diffusion coefficients are neglected. Therefore, multicomponent effects should be considered. Cross-term diffusion coefficients appear to be a significant fraction of the main-term diffusion coefficients and, in the case of ethanol diffusing through cellulose acetate in the presence of water, the cross-term effect even dominates the main-term effect.
Boundary resistances found in pervaporation are caused by sorption phenomena and, in the case of permeation of liquid mixtures, these sorption resistances are coupled too. The Gibbs free energy of mixing for a ternary system is given by the following relationship :
(AlI
The subscripts refer to water (l), ethanol (2) and cellulose acetate (3); ni and & are the number of moles and the volume fraction of component i, respectively, x12 is the water-ethanol interaction parameter and it is assumed to be a function of u2 with u2 = G~/(@~ + Go); xl3 and x23 are the water-cellulose acetate and ethanol-cellulose acetate parameters, respectively, and these are assumed to be concentration independent. The values of the different interaction parameters, which have been taken from Ref. [4] , are given in Table 4 . 
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